Abstract. Titanium nitride (TiN) coatings were deposited by d.c. reactive magnetron sputtering process. The films were deposited on silicon (111) substrates at various process conditions, e.g. substrate bias voltage (V B ) and nitrogen partial pressure. Mechanical properties of the coatings were investigated by a nanoindentation technique. Force vs displacement curves generated during loading and unloading of a Berkovich diamond indenter were used to determine the hardness (H) and Young's modulus (Y) of the films. Detailed investigations on the role of substrate bias and nitrogen partial pressure on the mechanical properties of the coatings are presented in this paper. Considerable improvement in the hardness was observed when negative bias voltage was increased from 100-250 V. Films deposited at |V B | = 250 V exhibited hardness as high as 3300 kg/mm 2 . This increase in hardness has been attributed to ion bombardment during the deposition. The ion bombardment considerably affects the microstructure of the coatings. Atomic force microscopy (AFM) of the coatings revealed fine-grained morphology for the films prepared at higher substrate bias voltage. The hardness of the coatings was found to increase with a decrease in nitrogen partial pressure.
Introduction
Titanium nitride (TiN) coatings produced by physical vapour deposition (PVD) have been extensively studied since the beginning of 1980s. The application of titanium nitride films on high-speed steels with different PVD techniques is today a well-established technology. Tools coated with TiN show increase in the tool-life by several folds compared to uncoated tools. It is known that TiN films show different microstructural properties depending upon the deposition processes and deposition conditions (Petrov et al 1989; Carney and Durham 1999; Chen et al 2001) . In the case of reactively sputtered TiN coatings, nitrogen partial pressure plays an important role in determining the mechanical properties (Musil et al 1986; Sproul et al 1989; Yang et al 2000) . Also, it is well known that ion bombardment of the growing TiN film modifies the microstructure of the coatings significantly (Hultman et al 1987) . In general, to enhance the mechanical properties of TiN coatings, a negative bias voltage (V B ) is applied to the substrate during deposition (Takahashi et al 2000; Zhengyang et al 2000; Zhitomirsky et al 2000) .
Microhardness measurements on TiN coatings are well documented (Sproul et al 1989; Takadoum and Bennani 1997) . Since these coatings are typically a few µm thick, accurate measurements of the mechanical properties by microindentation technique becomes very difficult and the data are easily affected by the substrate. This is mainly because microindentation limits the maximum depth of indentation, meaning that depths less than 1-2 µm make the indentation too small for measurement by conventional light microscopes. In the case of very thin films (micron and sub-micron), their intrinsic hardness becomes meaningful only if the influence of the substrate material can be eliminated (Randall et al 1998) . Thus, the indentation depth should not exceed about one-tenth of the total coating thickness. Applied loads in the range 0⋅5-50 mN are desirable if the indentation depths are to remain in the nanometer range (Tsui and Pharr 1999) . Recently, a nanoindentation technique has been developed (Oliver and Pharr 1992; Randall et al 1998; Tsui and Pharr 1999) in which continuous measurement of force and displacement is carried out as an indenter, of known geometry, is pressed into the sample material. With force and displacement resolution in the ranges 5 µN and 0⋅3 nm, respectively, it is possible to produce load displacement curves representative of the material response in terms of hardness and Young's modulus.
Though mechanical properties of TiN coatings are well documented in the literature, in the present study we have attempted to perform nanoindentation measurements more accurately on the films deposited at various process conditions. Parameters such as nature of substrate and surface roughness, which critically affect the nanoindentation data, have been taken into consideration while performing *Author for correspondence the indentation measurements. Atomic force microscopy (AFM) has been used to image the surfaces of as-deposited TiN coatings. Attempts have been made to correlate the effects of ion current and surface morphology (e.g. fine or coarse-grained structure) on the mechanical properties of TiN coatings.
Experimental
TiN coatings were deposited on silicon (111) substrates using a reactive d.c. magnetron sputtering system the details of which are described elsewhere (Barshilia and Rajam 2002, 2003) . Pure titanium with a purity of 99⋅995% (SputterMet, Inc.) was used as the sputtering target. The diameter of the target was 3 inches. The target was sputtered in high purity argon (99⋅999%) and nitrogen (99⋅999%) plasma. The films were deposited on mirror polished silicon substrates (area = 15 × 15 mm 2 ). Prior to deposition, the substrates were cleaned chemically followed by ion bombardment in argon plasma for 30 min. TiN films were deposited at an operating pressure of about 3⋅0 × 10 -3 mbar. The film thickness was about 2 µm. Approximately 1 µm thick titanium interlayer was incorporated between the substrate and the film to achieve better adhesion. A series of films were deposited at various substrate bias voltages (0-250 V) and nitrogen flow rates (0⋅6-3 sccm). The sputtering power (220 watts) and argon flow rate (17 sccm) were kept constant for all the experiments. No external substrate heater was used. Under these conditions, the plasma bombardment increased the substrate temperature to ~ 130°C during the deposition. The growth rate for TiN coatings was ~ 0⋅82 µm/h.
The nanoindentation measurements were performed with an instrument consisting of a nanohardness tester (CSEM Instruments) and an integrated optical (Nikon)/ atomic force microscope (surface imaging systems). The nanohardness tester consists of two distinct components-a measuring head for performing indentation and an optical microscope for selecting a specific sample location prior to the indentation and for checking the location of the imprint after indentation. Both components are directly linked by a positioning system, which allows movements in X-Y axes. The main advantage of this instrument is its differential measurement of the sample surface made possible by a sapphire reference ring, which remains in contact with the sample during the loading/unloading cycle, thus giving exact position of the indenter tip relative to the sample surface. The displacement resolution was 0⋅3 nm and the maximum depth range was 500 µm.
For nanoindentation measurements, all the coated samples were metallographically polished using 0⋅05 µm Al 2 O 3 powder for 1 h followed by ultrasonic cleaning in acetone. This was adopted to minimize the effects of surface roughness on the nanoindentation measurements and to obtain consistent results. The root mean square (RMS) roughness of the polished samples was in the range 2-5 nm as measured by atomic force microscopy (see figure 1) . For nanoindentation measurements, the sample was kept under optical microscope and a suitable area was chosen. Indentations were made on the desired area using a Berkovich diamond indenter at a load of 5 mN. Both the loading and unloading rates were set at 10 mN/min. The maximum load was selected such that the indentation depth was about 1/10th of the coating thickness to eliminate the influence of the substrate (Tsui and Pharr 1999). Ten indentations were made on each sample to improve the accuracy of the measurements. The results reported herein represent averages of the group. For each loading/ unloading cycle, the load was plotted against the displacement of the indenter. The load/displacement curves were used to calculate the mechanical properties of the coatings. 
